ISM comprises multiple components, including molecular, neutral, and ionized gas, and dust, which are related to each other mainly through star formation -some are fuel for star formation (molecular gas) while some are the products of it (ionized gas, dust). To fully understand the physics of star formation and its evolution throughout cosmic time, it is crucial to measure and observe different ISM components of galaxies out to high redshifts. I will review the current status of near-IR studies of galaxies during the peak of star formation activity (z ∼ 1−3). Using rest-frame optical emission lines, we measure dust, star formation, and gaseous properties of galaxies. JWST will advance such studies by probing lower luminosities and higher redshifts, owing to its significantly higher sensitivity. Incorporating ALMA observations of cold dust and molecular gas at z > 1 will give us a nearly complete picture of the ISM in high-redshift galaxies over a large dynamic range in mass.
Introduction
The interstellar medium (ISM) comprises various components, including molecular, neutral, and ionized gas, large dust grains in thermal equilibrium with their surrounding, and small dust grains, such as PAHs, heated by single photons (Figure 1) . The different components of ISM are related to each other mainly through star formation -some are fuel for star formation (molecular gas) while some are the products of it (ionized gas, dust). Therefore, to fully understand the physics of star formation, its evolution, and its connection to metal and dust enrichment, it is crucial to trace various ISM components through a range wavelengths. The ionized phase of ISM, which is the focus of this review, is gas photoionized by the energetic photons of hot stars, and, if present, AGN. It has a temperature of T ∼ 10 4 K and can be in dense or diffuse regions with densities of n H ∼ 0.3 − 10 4 cm −3 (Draine 2011) . Some the main diagnostics of the properties of ionized gas are the nebular emission lines in the rest-frame optical spectra of galaxies, including hydrogen Balmer lines, Hα, Hβ, and atomic fine-structure lines of [Oii] , [Oiii] , [Nii] , and [Sii] .
In this review, I focus on the advances of our understanding in ISM physics at z ∼ 1−3, corresponding to ∼ 2 − 6 billion years after Big Bang. Redshifts of z ∼ 1 − 3 are an important era to study star formation activity and metal and dust enrichment in the history of universe, as galaxies in that era were in the process of assembling most of their stellar mass and quasar activity was at its peak (Madau & Dickinson 2014) . At these redshifts, the optical nebular emission lines are redshifted to near-IR wavelengths. Owing to the high near-IR terrestrial background, obtaining rest-frame optical spectra of large samples of galaxies at z ∼ 2 has been very challenging prior to the advent of multi-object near-IR spectrographs on 10-m class telescopes. As a result, the existing 2 Irene Shivaei near-IR surveys were limited to small samples using the classical single-object long-slit instruments (e.g., Erb et al. 2006a) or larger samples of low resolution grism data (e.g., Brammer et al. 2012 Kimura et al. 2010) , and LUCI on the 8.4-m LBT (first light in 2008; Ageorges et al. 2010) , enabled the first statistically large studies of ionized ISM at high redshifts. Among these large spectroscopic surveys of z ∼ 1 − 3 galaxies are KBSS-MOSFIRE (Steidel et al. 2016; Strom et al. 2017b ) and MOSDEF with respectively ∼ 1100 and ∼ 1500 MOSFIRE spectra of galaxies at z ∼ 1.5−3.5, KMOS-3D with KMOS near-IR integral field spectra of over 700 galaxies at z ∼ 0.6 − 2.7 (Wisnioski et al. 2015) , and FMOS-COSMOS with ∼ 1900 FMOS spectra at z ∼ 1.6 (Kashino et al. 2019) .
In future, with JWST and its cutting-edge instruments, we will be able to build upon the current high-redshift near-IR surveys by probing fainter and higher redshift objects. The multi-object NIRSpec spectrograph on board of JWST will provide us with near-IR spectra out to 5 µm, in the absence of terrestrial background and sky line contamination. NIRCam camera will obtain high resolution imaging out to 5µm, and with MIRI we will be able to acquire mid-IR photometry out to 28 µm, with much higher sensitivity and spatial resolution compared to its predecessor, Spitzer.
Optical emission line diagnostics
In the rest-frame optical spectra, there are multiple strong nebular emission lines that can be used as diagnostics of the physical conditions of ionized gas (e.g., excitation and ionization properties, electron densities and temperatures, chemical abundances), stars (star-formation rate and production rate of ionizing photons), and dust (nebular reddening). In this section, I will briefly review the observational analysis and diagnostic measurements of such properties using near-IR (rest-frame optical) spectra of z ∼ 2 galaxies. In each section, the potential synergies with longer wavelength IR/submm facilities, such as Sptizer, Herschel, ALMA, and future JWST are also briefed. 
Star formation rate and stellar ionizing radiation
The brightest emission line in the rest-frame optical spectra of galaxies is the Hα Balmer line, which is emitted from the ionized gas around the most massive and hot stars, those with O and early-B spectral types. As the lifetime of these stars on the main sequence is very short (∼10 Myr), hydrogen nebular lines are considered as nearly instantaneous tracers of SFR. The conversion of Hα luminosity to SFR has been studied by numerous authors and is widely used at low and high redshifts (see the review by Kennicutt & Evans 2012 ). An important correction that needs to be applied to the observed Hα luminosity to recover the total SFR, is dust attenuation correction. The reddening or color excess (E(B − V )) can be calculated using various methods, with the ratio of the two Balmer lines (i.e., Balmer decrement, see Section 2.4) being the most direct one for nebular emission lines (Balmer decrement, see Section 2.4). Figure 2 shows a comparison of the two SFR indicators, the attenuation-corrected Hα and UV SFRs, in the SFR-M * plane at z ∼ 2. In principle, the two SFR indicators trace SFR on different timescales, and hence the difference in the scatter of the two SFR-M * relations (the σ values on the corners of the plots in Figure 2 ) are thought to indicate recent star-formation burstiness. However, there are multiple factors in addition to a recent star formation burst that may cause deviations from the nominal value of the SFR(Hα)-to-SFR(UV) ratio in a galaxy. Figure 5 shows the distribution of the ratio of dust attenuation corrected SFR(Hα)-to-SFR(UV) for a large sample of z ∼ 2 galaxies from the MOSDEF survey . As shown, there is a large scatter in the observed values with an intrinsic scatter of 0.28 dex. Part of the scatter and the uncertainty in such calculations are associated with uncertainties in the assumed dust attenuation curve (in this case, the Calzetti starburst curve versus the SMC extinction curve). Such uncertainties are discussed in more detail in Section 2.4. Other than dust correction uncertainties, galaxy-to-galaxy variations in the IMF (the high-mass end slope or cutoff), stellar metallicity, and stellar rotation and binarity may also alter the rate of ionizing photons production at a given SFR. These effects are shown in the lower panel of Figure 5 , calculated by varying different parameters in the stellar population synthesis models. The details of the models can be found in Shivaei et al. (2018) . The important take-away point is that although Balmer lines are tracers of the most recent Figure 3 . 3σ detection limits for 1-hour integrations with the major previous, current, and future IR and sub-mm facilities. The limits for MIPS 70 and 24µm are calculated based on the confusion limits from Frayer et al. (2006) . The black SED is the 10 11.5 L template of Rieke et al. (2009) , represented as the IR emission of a typical z ∼ 2 galaxy (based on the IR luminosity function of Magnelli et al. (2011) , L(IR) * is 10 11.83±0.13 L at z ∼ 2).
SFR, their conversion to SFR should be taken with caution, particularly for high-redshift systems, which may have different stellar populations (e.g., lower stellar metallicities and more intense and/or harder ionizing radiation at a given SFR) compared to that of local galaxies.
While dust-corrected Hα SFRs are commonly used, the Balmer lines may miss optically thick star-forming regions (Shivaei et al. 2016) . This is an important issue at redshifts of z ∼ 1−3, where galaxies are more star forming (and hence, more dusty) at a given stellar mass compared to z ∼ 0, and the obscured star formation dominates the total SFR at masses of M * 10 9.5 M (Whitaker et al. 2017) . Therefore, to gain a full understanding of total star formation activity in galaxies at z ∼ 2, both the obscured and unobscured components of star formation need to be measured. Spitzer and Herschel opened a new window into measuring bolometric SFRs by allowing us to directly trace the obscured star forming regions (Reddy et al. 2012a; Whitaker et al. 2014b; Shivaei et al. 2015a ). However, due to the low spatial resolution and sensitivity of PACS and SPIRE, Herschel studies at high redshifts are limited to dusty and IR-bright galaxies. Meanwhile, the higher sensitivity of Spitzer/MIPS 24µm detector enabled us to detect mid-IR emission in individual typical galaxies at z ∼ 2 ( Figure 3 ). MIPS 24µm traces the PAH emission at z ∼ 2, which can be converted to total IR luminonisity (L(IR)) by using empirical conversions (Wuyts et al. 2008; Reddy et al. 2012a) or IR templates (Chary & Elbaz 2001; Rieke et al. 2009; Elbaz et al. 2011 ). However, caution needs to be taken in using such conversions at low masses (M * < 10 10 M ) as the PAH intensity scales with metallicity, such that at low metallicities (and low masses, owing to the mass-metallicity relation), the PAH-to-L(IR) ratio decreases by a factor of ∼ 2 (Shivaei et al. 2017) . Figure 4 shows the good agreement between the SFRs inferred from dust-corrected Hα luminosity with those derived from PAH emission using the mass-dependent calibration of Shivaei et al. (2017). In the same figure, it is shown that using the single conversions of PAH-to-L(IR) from literature underestimates SFR at low masses, as such conversions are calibrated based on samples of massive and dusty galaxies.
ALMA bands 6 and 7 trace the Rayleigh-Jeans (RJ) tail of the IR emission at z ∼ 1 − 3, which can be used to constrain dust masses and possibly the total IR emission (Aravena et al. 2016; Dunlop et al. 2017; Franco et al. 2018) . The disadvantages of these observations are a) due to the small field of view of ALMA, it is very time consuming (and not feasible) to obtain large surveys of IR emission of typical galaxies at high redshifts, and b) the conversion of the RJ emission to L(IR) is highly dependent on the assumed IR template, which is uncertain at high redshifts and low-metallicity regimes, as most of the existing templates are locally calibrated (Casey 2012; De Rossi et al. 2018; Schreiber et al. 2018) .
The higher sensitivity and angular resolution of JWST/MIRI compared to Spitzer/MIPS 24µm † will enable us, for the first time, to obtain a nearly complete census of the PAH and IR emission at high redshifts, and to detect the 7.7µm feature in individual galaxies down to masses as low as 10 9 M (Figure 3 ).
Electron density and temperature
The average electron density (n e ) may be estimated by comparing the line fluxes of two lines of the same ion, in which the lines have nearly the same excitation energies but different collision strengths and radiative transition probabilities. In this case, the relative population of the two levels, and hence the relative intensities of the two lines, depends on the density of electrons (Osterbrock & Ferland 2006) . The two commonly- . Top: distribution of SFR(Hα)-to-SFR(UV) for a sample of z = 1.4 − 2.6 galaxies, assuming the Calzetti attenuation curve for the UV dust correction in violet and an SMC curve in green. The observed and intrinsic (i.e., measurement-subtracted) scatters are 0.36 and 0.28 dex for the Calzetti distribution and are shown with black and violet arrows, respectively. The vertical lines show the averages of the sample. Assuming an SMC curve systematically increases xion by ∼0.3 dex, indicating the sensitivity of the SFR ratios to the assumed UV attenuation curve. Bottom: SFR(Hα)-to-SFR(UV) predictions from the stellar population models of BPASSv2 and BC03. Each row shows the variation of the SFRs ratio by changing the labeled quantity in the model, described in detail in Table 1 of Shivaei et al. (2018) . Electron temperature (T e ) of the ionized gas may be estimated by using the ratio of the intensities of two lines of the same ion but with considerably different excitation energies, which makes the ratio strongly dependent on T e . An example of such line ratios in the optical spectra are [Oiii] λ4363 auroral line to λ4959 and λ5007, and [Nii]λ5755 to λ6583 and λ6548 (Osterbrock & Ferland 2006) . The auroral lines are extremely week (e.g., [Oii] λ4363 is typically 100 times weaker than [Oiii] λ5007 at low metallicities, and even weaker in solar and higher metallicities). The faintness of these lines makes them extremely hard to detect at high redshifts, resulting in fewer than 20 galaxies at z > 1 that have T e measurements ).
Metallicity
The most direct way of getting the abundances of ions is by taking the relative strength of their recombination lines to that of their Balmer lines. The strength of metal recombination lines are mildly dependent on electron temperature but due to the low elemental abundances, the metal recombination lines are very weak compared to hydrogen recombination lines, making this method practically limited to very bright HII regions.
The widely adopted method to determine chemical abundances in galaxies is using the relative ratio of the collisionally excited lines of elements to hydrogen recombination lines. The flux of collisionally excited lines depends on electron temperature and density -once those are determined, one can infer the ionic abundances, and by assuming an ionization correction for the unobserved ions, the elemental abundances (metallicity) can be derived. In the optical spectra, the most commonly used auroral line to derive T e is [Oiii]λ4363, and the corresponding lines to measure the oxygen abundance (12 + log ( O H )) are [Oiii]λλ4959, 5007 and Balmer lines. However, as mentioned in Section 2.2, auroral lines that are used to estimate T e are intrinsically faint, making the direct T e -based methods hard to conduct, particularly at high redshifts. As a result, studies rely on calibrations of strong emission line ratios to derive metallicities. Such calibrations are made empirically based on z ∼ 0 galaxies or by using photoionization models. ), and N2 ([Nii]λ6584/Hα; e.g., Kewley & Dopita 2002; Pettini & Pagel 2004) . The advantage of using the two latter diagnostics is the insensitivity to dust attenuation, as the dust attenuation is wavelength dependent and the constituent lines are close in wavelength.
Studies show that galaxies at z ∼ 2 have ∼ 0.3 − 0.5 dex lower metallicities at a given stellar mass compared to that at z ∼ 0, depending on the metallicity indicator used (Strom et al. 2017b; Sanders et al. 2018 ; the comparison of the [OIII]/Hβ
[NII]/Hα , and [Nii]/Hα indicators between z ∼ 0 and 2 are shown in Figure 7 ). However, a major concern is whether locally-calibrated strong line diagnostics still hold at high redshifts. For example, it is known that z ∼ 2 galaxies have harder ionizing radiation (Steidel et al. 2016; Strom et al. 2017b) , higher ionization parameters (Kewley et al. 2015; Kashino et al. 2017) , and higher electron density and ISM pressure (Liu et al. 2008; Bian et al. 2010 ) at a fixed oxygen abundance, compared to local galaxies. Additionally, using the oxygen abundances may not be representative of the real metallicity of the gas, as the relative abundances of the chemical elements may vary with respect to the solar value at high redshifts. Indeed, studies show that z ∼ 1 − 3 galaxies have lower Fe/H and higher O/H ratios compared to z ∼ 0 galaxies (Steidel et al. 2016; Strom et al. 2017a; Kriek et al. 2019) .
These uncertainties and complications indicate the need for direct T e method calibrations at high redshifts, as well as independent methods of inferring metallicity to overcome the T e dependency. The far-IR ground-state fine structure lines provide independent diagnostics that are insensitive to electron temperature and dust obscuration (Nagao et al. 2011; Smith et al. 2019) . ALMA observations of such lines at high redshifts can be joined with optical line diagnostics to study metal enrichment and directly calibrate metallicity diagnostics at high redshifts.
As a complementary tracer of metal enrichment, dust features such as the mid-IR PAH emissions may be valuable. Local and high-redshift studies have shown that the PAH intensity (defined as the strength of PAH 7.7µm feature to IR luminosity or SFR) drops below a certain oxygen abundance (12 + log ( O H ) ∼ 8.1 − 8.2 at z ∼ 0 and ∼ 8.4 − 8.5 at z ∼ 2; Figure 8 ; Draine et al. 2007b; Engelbracht et al. 2005; Shivaei et al. 2017) . The nature of this drop may be due to lower carbon abundances in low-metallicity environment, or harder ionizing radiation that destroys the PAH molecules. The future JWST/MIRI will enable us to trace the PAH features in large samples of z ∼ 1 − 2 galaxies, down to at least an order of magnitude lower masses than have been studied previously at these redshifts Shipley et al. 2016; Shivaei et al. 2017 ).
Nebular Dust
Balmer line ratios (e.g., Balmer decrement, Hα/Hβ) are almost insensitive to electron temperature and density, and hence, any deviation of the measured ratio from the theoretical intrinsic line ratio may be attributed to dust attenuation. Balmer optical depth is defined as τ b ≡ ln( Hα/Hβ 2.86 ), where 2.86 is the lines ratio for a Case B recombination with T e = 10 4 K and n e = 100 cm −3 (Osterbrock & Ferland 2006) . Assuming a shape for the dust attenuation/extinction curve, Balmer optical depth indicates the nebular reddening (E(B − V ) nebular ), which is the reddening along the line of sight towards the ionized gas. Nebular reddening should be used to correct dust attenuation in nebular emission lines. On the other hand, E(B − V ) stellar , inferred from the continuum indicators such as the UV slope, is advised to be used to correct the stellar continuum emission. Many studies in the literature have explored the relation between the two reddenings (Calzetti et al. 2000; Price et al. 2014; Shivaei et al. 2015a; Reddy et al. 2015) . Owing to the stellar birth cloud dissipation and/or stars migrating from their parent molecular clouds, the differences between the mean optical depth probed by continuum and line photons may vary with SFR or specific SFR Theios et al. 2019) . Therefore, the general consensus is that the relation between the two reddenings changes with SFR or specific SFR (Figure 9) .
At low redshifts, dust extinction curves have been determined along multiple sight lines of the Milky Way, LMC, and SMC (Savage & Mathis 1979; Prevot et al. 1984, e.g.,) . An extinction curve is determined for a simple system of a star with a foreground screen of dust. The dust screen absorbs and scatters photons out of the line-of-sight. Therefore, variations in extinction curves reflect differences in dust grain physics (the composition and size distribution). On the other hand, attenuation curves are inferred for more complex systems, such as galaxies, in which the geometry of dust with respect to the emitting source also plays a role in determining the shape of the curve. In high redshift studies, the Calzetti et al. (2000) attenuation curve is often adopted, which is calculated based on a sample of local starburst galaxies. The extinction and attenuation curves have profound differences. The two most distinct differences are the strength of the UV extinction bump at 2175 Å and the UV slope of the attenuation curve. As shown in Figure 10 , the Milky Way and LMC extinction curves both have strong UV bumps, while the bump is absent in the SMC and the Calzetti curves. Also, the SMC curve has a much steeper slope compared to the other ones. The underlying cause of these differences are not well known; it is speculated that as the SMC has the lowest metallicity of the three galaxies (12 + log(O/H) ∼ 8, Z ∼ 0.2Z Kurt & Dufour 1998) , therefore it has a different grain size and composition distribution compared to the other two. These observations emphasize the importance of the galaxyto-galaxy variations of the attenuation curves at high redshifts.
Using Balmer decrement as an independent tracer of dust reddening, one can directly determine a dust attenuation curve by comparing the average SED of the "more" to "less" dusty galaxies with similar intrinsic (i.e., dust free) SED shapes (e.g., similar star formation histories, ages, etc.). This method requires large rest-optical spectroscopic samples (Calzetti et al. 1994; Battisti et al. 2016) , and hence a challenging task at high redshifts . Additionally, the normalization of the attenuation curve can be independently determined by incorporating IR data from Spitzer and Herschel and using an energy balance argument between the UV and IR emission (Calzetti et al. 2000) . Given the observed variations of the dust emission properties with gas-phase metallicity (e.g., the PAH intensity correlation with metallicity in Section 2.3), it is also expected to see changes in the slope of the attenuation curve and the strength of the UV bump as a function of galaxy properties. Such studies require large enough spectroscopic datasets that can be divided into bins of metallicity, specific SFR, and stellar mass, to compare their inferred attenuation curves with each other. In the future, with JWST, the dust
